Mycobacterium smegmatis was grown on trace-metal-free medium in static culture 
anion apparently is required for mycobactin biosynthesis. Salicylic acid concentration increased about fourfold when iron was omitted from the medium, but this is not as great as the increase reported previously for this strain of M. smegmatis. Mycobactin formation in another strain of M. smegmatis, NCIB 8548, showed similar dependencies on Fe2 , Zn2+, and Mn2 . Maximum accumulation of mycobactin with this strain was 85 ,g of mycobactin/mg of dry cell weight, under irondeficient (1.8 Mm Fe2+) conditions.
Mycobactins have been isolated in several modified forms from different species of Mycobacterium (14) , and it is likely that mycobactins are produced only by mycobacteria (9, 14) . The structure of mycobactin S, isolated from M. smegmatis, is shown in Fig. 1 . The most outstanding feature of the mycobactins is their ability to form strong chelates with trivalent metal ions, particularly the ferric ion (12, 13) .
Salicylic acid, which is formed from shikimic acid (5, 8) through chorismic acid (6) , is found only extracellularly (11) but is subsequently taken up by the bacteria to form part of the mycobactin S molecule (10) . The role of mycobactins in mycobacteria is unknown, although they do serve as specific growth factors for M. paratuberculosis (4) . As concentrations of specific mycobactins are increased in mycobacteria grown under conditions of iron limitation (1, 17) , Snow has suggested that mycobactin could be a means of gathering iron for the mycobacterial cell (14) . Because there is only scant information on the factors influencing mycobactin biosynthesis (7), we examined the role of metal ions, particularly the ferrous-ferric ion, in the formation of mycobactin S.
MATERIALS AND METHODS
Organisms. The strain of M. smegmatis used in the main part of this work is of unknown origin and is the same strain used in all previous studies (18) . M. smegmatis NCIB8548 was obtained from G. A. Snow, Imperical Chemical Industries, Ltd., Alderley Park, Cheshire, England.
Medium and removal of trace elements. The medium contained: glycerol, 20 ml; L-asparagine, 5 g; KH2PO4, 5 g; and distilled water to make I liter, with pH adjusted to 7.5 with NaOH. The medium was autoclaved with 0.5% (w/v) alumina ("for chromatography" grade, May & Baker Ltd., Dagenham, Essex, England) at 121 C for 15 min, shaken vigorously while still hot, and allowed to cool slowly (3). The medium was filtered through Whatman no. 541 paper. After the first runnings were rejected, the medium was adjusted to pH 6.8 with 2 M H2SO4 and dispensed in 100-ml portions into previously cleaned, but not sterile, 250-ml conical flasks. All glassware was cleaned as previously described (11) . The medium finally was sterilized at 121 C for 15 Growth and harvesting of organism. All cultures were inoculated with 0.2 ml of a suspension of 3-or 4-dayold bacteria grown on "normal" medium (2 Mg of Fe2+/ml, 36 AM; and 0.46 Ag of Zn2+/ml, 7 gM). This suspension was formed by shaking several loopsful of the pellicle of bacteria with glass beads (5 mm diameter) in sterile medium for about 2 min. All cultures were grown at 37 C without shaking.
Determination of bacterial dry weight; extraction and assay of mycobactin. Bacteria were harvested by filtration with suction through Whatman no. 1 paper. The cells and the filter paper were transferred into ethanol (usually 100 ml) for 24 hr at room temperature. The filter paper was washed with alcohol to remove bacteria and then was discarded. The bacteria were collected by filtration through a sintered-glass funnel (no. 2 porosity) and were dried to a constant weight under vacuum, over P20,, at 50 C. This procedure extracts all mycobactin from cells in which it exists principally in the desferri form; further extraction with ethanol (hot or cold) or chloroform-methanol (2:1, v/v) produces negligible mycobactin (unpublished data).
Mycobactin in the ethanol extract was converted to the ferric form and assayed by the method of White and Snow (16) . The extinction in methanol at 450 nm was read and corrected for residual color after acidification with an equal volume of 6 M HCI. Mycobactin concentrations were calculated from El* = 42 (reference 18).
Extraction and assay of salicylic acid. A pH of 2 to 3 in the cell-free medium was attained with 2 M H,SO4, a known amount of ('4C-carboxy) salicylic acid (5 to 10 nCi, specific activity, about 200 nCi/Mg) was added, and the medium was extracted with ether (3 x equal volume). The ethereal extract was dried over MgSO4, evaporated, and chromatographed on Whatman no. 1 or no. 3 MM paper using 2-propanol-water-aqueous NH,, specific gravity, 0.880 (8:1:1, by volume). Salicylic acid, located by its fluorescence under ultraviolet light, was eluted from the chromatogram with ethanol. The amount of salicylic acid was estimated from its extinction at 298 nm (e = 3,890), and the percentage of recovery of salicylic acid from the medium was found by measuring the radioactivity of the sample. This procedure afforded an accurate estimate of the level of salicylic acid in the medium. The spectrum of the salicylic acid so extracted was always determined from 360 to 200 nm; no signs of interfering materials were detected.
Instruments. Spectrophotometers models SP500, SP600, and SP800 (Unicam Instruments Ltd., Cambridge, England) were used. Radioactivity was measured in a liquid scintillation counter (model LS233, Beckman Instruments Ltd., Glenrothes, Fife, Scotland), with the scintillation fluid of Bray (2) .
RESULTS
The production of mycobactin and salicylic acid during growth of M. smegmatis under static conditions on iron-deficient (3.6 AiM Fe2+) and iron-sufficient (36 ,Mm) medium was recorded from the 3rd to 7th day after inoculation (Fig. 2  and 3 ). Based on these results, subsequent cultures were grown on iron-deficient medium supplemented with nonlimiting levels of Zn2+ (7 uM) and Mg2+ (1.7 mM) and were incubated for at least 6 days before mycobactin levels were deter- weight/100 ml of medium after 6 days of incubation).
In subsequent studies on mycobactin formation, values for mycobactin concentration declined gradually over a series of experiments. The possibility that some inhibitor of mycobactin synthesis was released into the medium by the alumina treatment was eliminated when it was found that medium made with distilled water gave cultures with high mycobactin levels, even when 10 ml of a concentrate of alumina-treated water was included in the medium. [This concentrate was prepared by autoclaving distilled water with 2% (w/v) alumina and, after filtration, evaporating it to 'Ao its original volume.] Furthermore, mycobactin levels increased when 2 ml of a concentrate of distilled water (formed by evaporating distilled water to 2% of its original volume) was added to 100 ml of alumina-treated medium. Therefore, some factor influential in mycobactin formation probably was being removed by the alumina treatment (Fig. 4) .
Although mycobactin formation was studied previously (1, 17) , the dependence of its biosynthesis on trace amounts of Zn2+ and Mn2+ in the medium has not been mentioned. However, the amounts of mycobactin produced in cultures grown in earlier investigations were about the same as those produced when our organism was grown on medium supplemented with Zn2+ 
DISCUSSION
The accumulation of salicylic acid by M. smegmatis does not show the same dependence upon the concentration of iron in the growth medium as reported originally (11) . Previously the accumulation of salicylic acid was increased by about 50-fold when an iron-deficient instead of an iron-sufficient medium was used, and its production progressed uniformly from the 2nd day of growth until the 4th day. These events were not observed here. In a single experiment Cultures were harvested after 6 days of growth.
bAmount insufficient to assay with accuracy. (Fig. 4) , the maximum increase in salicylic acid concentration between iron-deficient and ironsufficient medium was about fourfold. The explanation for these different results is not clear, although the concentrations of salicylic acid in the present investigation generally were as high as those obtained previously with iron-deficient medium.
From this investigation, we concluded that mycobactin formation is dependent upon small but significant amounts of iron, zinc, and manganese. When any one of these three elements is omitted from the medium, mycobactin concentration invariably is minimal. For iron this finding is not surprising, as mycobactin is involved in the transport of iron into the cell (unpublished data). Under conditions of very low iron concentration (below 0.9 uM), growth is severely curtailed, and it would be uneconomical for the cell to continue a high production of mycobactin, most of which would be superfluous. For zinc and manganese, however, binding to mycobactin is very much weaker than for trivalent ions (13, 14) , and no connection has been established between the ligand and divalent ion metabolism. Therefore, the role of zinc and manganese in mycobactin synthesis probably is to act as cofactors for enzymes involved either in mycobactin biosynthesis or, perhaps, in the biosynthesis of the compound to which mycobactin transfers iron. To verify this, we must know more about the biosynthesis of mycobactin and its role in mycobacterial cells. Although the dependence on iron and zinc for growth of M. smegmatis has been known for some time (18) , this is the-first time that a specific requirement for manganese has been established in this organism.
For iron and zinc, but not for manganese, we also have established that mycobactin formation is maximal over a very small range of concentration of metal ion and that high concentrations of metal ion partially repress mycobactin synthesis. This repression is not as great as that reported previously for M. phlei (1) and for other mycobacteria (14, 16, 17) .
Some dependence of mycobactin biosynthesis on magnesium is also evident from this investigation. When the concentration of magnesium was decreased, mycobactin concentration declined to a minimal concentration of about 1.5 ,g/mg of cell dry weight. However, magnesium is a major microbial nutrient, and gram-positive bacilli depend upon an adequate extracellular concentration of it for their structural integrity (15) . Therefore, one should not assume any direct connection between this metal ion and mycobactin formation until more evidence is available. Salicylic acid concentration, on the other hand, was stimulated by simultaneous magnesium and iron deprivation but was suppressed by magnesium deprivation when iron was in sufficient supply. Thus, under these rather special circumstances, salicylic acid concentration was considerably higher in iron-deficient medium than in iron-sufficient medium.
